Elucidation of Prinzmetal' In 1952, Prinzmetal and his associates' reported on the induction of preexcitation in the normal dog heart using various forms of subthreshold stimulation (SS) of the right ventricle. These workers claimed success in producing "all the known clinical types" of the Wolff-Parkinson-White (WPW) preexcitation syndrome, that is, isolated, continuous, alternating WPW beats and concertina effect by the use of subthreshold DC stimulation applied to the endocardial surface of the right ventricle at or near the apex. From these studies, the authors concluded that the atrial impulses in WPW complexes are transmitted to the ventricle in an abnormal manner by way of the normal conducting system.' They attributed the "fundamental disorder ... to a failure of a part of the [AV] node to delay the auricular impulse for the normal period of time before allowing passage to the ventricles" (Fig 1) . This accelerated AV nodal conduction supposedly reached a particular portion of right ventricular (RV) muscle early enough to induce preexcitation.
With the advent of His bundle recordings, clinical electrophysiologists were able to discern that the WPW syndrome was mainly associated with anatomically distinct accessory AV Prinzmetal's schema to explain the mechanism of preexcitation induced by subthreshold stimulation in the normal dog heart. "The impulse originating in the SA node spreads over the atrium as the P wave is inscribed. Because of a defect in the AV node, a part of the impulse passes prematurely through the AV node. This incomplete depolarization results in formation of the early, slurred portion of the R wave (gray region). The remainder of the impulse passes down to the ventricles in the usual course of time and activates them normally, resulting in the normal portion of the R wave. The area of premature contraction bulges (gray region) in contrast to the rest of the heart, which is now in the diastolic phase." (Prinzmetal et al. See Reference 1.)
or six-ring electrode catheter with a 4-mm-long electrode at the tip was introduced into the right femoral vein and advanced to the apical area of the right ventricle (Fig 2) . A plunge-wire electrode was inserted in the high right atrium near the sinus node for pacing the atrium. In eight experiments, a special multipolar, tubular electrode was introduced through the free wall of the right ventricle near the anterior AV junction. It was held in place by a purse-string suture into the free wall of the right ventricle so that the electrode would be in stable contact with the proximal right bundle branch ( Fig  2) . Initially, we determined the threshold for pacing at the RV apex. The first channel of a Grass S-88, two-channel stimulator that delivered stimuli to drive the atria was also set to trigger pulse trains from the second channel to the RV electrodes at 1000 Hz, with a delay of 80 to 100 milliseconds from the atrial pacing impulse. Each pulse of the train was 0.5 millisecond in duration, and the duration of the pulse train was 50 milliseconds. The large tip was used as the cathode, and the other seven electrodes were connected to form a large anode (Fig 2) . In most cases, constant DC was also delivered to the RV apex either during sinus rhythm or during atrial pacing at various pacing rates.
Application of Subthreshold Stimulation to the His Bundle Area
Another group of 12 mongrel dogs was anesthetized as described above. The same procedures for delivery of drugs, blood pressure recording, ECG, and His bundle recordings were used as described previously. The right heart was exposed by thoracotomy at the fourth intercostal space, and plungewire electrodes were placed into the RV epicardium at the RV apex and outflow tracts for introduction of 
Definitions
Right bundle branch block (RBBB) in the dog shows a widening of the QRS complex from a mean of 50 milliseconds to >65 milliseconds but <75 milliseconds for incomplete bundle branch block and >75 to 80 milliseconds for complete bundle branch block. The changes in the ECG leads II and aVR are fairly characteristic during the evaluation of RBBB in the dog heart. Lead II in the control state shows diminished R waves and deep, wide S waves, whereas aVR is a mirror image RS or RSR' pattern of ventricular depolarization. 18 Left bundle branch block (LBBB) results in a heightened and broadened R wave in lead II, with notching at its crest in complete LBBB. The S wave in aVR is similarly and predominantly altered. LBBB can give rise to a predominantly positive, frequently slurred deflection in lead II, which is sometimes preceded by little if any Q wave or a small R wave in lead aVR.18 Paradoxically, LBBB can show accentuated Q waves compared with normal conduction states. 19 The Prinzmetal effect is the ability to simulate, on a beat-to-beat or alternate-beat basis, the ECG changes seen in the WPW syndrome in the normal dog heart as demonstrated by Prinzmetal.1'20 An example is shown (Fig 3) from an experiment in which Prinzmetal applied subthreshold DC current to the RV endocardium. The effect was obtained with 0.5 mA and consisted of a shortening of the PR interval and appearance of a widened QRS complex with a LBBB pattern (compare Figs 3B and 3A). To show that this effect was not due to isorhythmic ventricular stimulation, the His bundle was cut surgically, and the experiment was repeated. No preexcitation pattern was produced (Fig 3C) because complete heart block and slow idioventricular rhythm persisted unchanged during the same DC current application.
Ectopic conduction is a special form of anomalous conduction that occurs at the damaged interface between specialized and regular myocardium. The cardiac impulse prematurely exits from the AV specialized conduction system to activate adjacent regular muscle.21-24 During retrograde conduction from a ventricular muscle site of excitation, the impulse can enter the proximal specialized conduction tissue without first traversing Purkinje-muscle junctions.24
The Wedensky effect relates to a concept originally developed in nerve in which a strong shock delivered proximal to an area of block alters the excitability distal to the site of block so that it becomes more susceptible to activation, that is, lowered threshold of excitability. Thus, local responses emanating from either a strong or subthreshold impulse may excite distal to the block site after penetration of the blocked zone. 25 Similarly, such local responses acting on the distal site may inhibit or suppress conduction. These phenomena have been described as Wedensky facilitation or inhibition, respectively. More recently, the cellular electrophysiological mechanism by which subthreshold stimuli act in this setting has been elucidated by Antzelevitch and Moe in a model of local block using a free-running Purkinje fiber preparation. 26, 27 Results Subthreshold Stimulation to the RV Apex A typical recording made during the present studies is shown in Fig 4 , in which the atrium was paced at 200 beats per minute (Fig 4A) and ECG leads II, aVR, and a standard His bundle electrogram were recorded. Vagosympathetic trunk stimulation abruptly produced complete AV nodal block. A subthreshold train of square wave pulses triggered by each atrial pacing stimulus was then delivered to the RV apex (Fig 4B) . The duration of each square wave was 0.5 millisecond, the frequency of the pulses was 1000 Hz, and the duration of the train was 50 milliseconds. Each pulse train (0.1 mA) was delayed 80 to 100 milliseconds from the atrial pacing impulse to fall during the HV interval. Note that this SS was associated with a shortened PR interval because of a decrease in the HV interval from 40 milliseconds (control) to 25 milliseconds and was associated with a LBBB pattern in the ECG leads. In this case, a small delta wave preceded the aberrant ventricular depolarization. The onset of vagosympathetic trunk stimulation resulted in one beat, with a prolonged AH interval of 110 milliseconds and a negative HV interval of 15 milliseconds. Note that all the other AH intervals in the control state and during the Prinzmetal effect were the same: 90 milliseconds. These findings will be discussed in detail below.
The threshold (in milliamperes) to induce constant ventricular pacing from the RV apex was determined using a 2-millisecond pulse (Table 1 , first column). The level of stimulation in milliamperes required to produce the Prinzmetal effect was determined using pulse trains or constant DC current (Table 1 , second column). There was a significant difference between threshold and subthreshold levels of stimulation (P=.007). One of the consistent responses to SS, which caused PR shortening at any given heart rate, was the concurrent shortening of the HV interval. His bundle and right bundle activation. However, a prominent "slow" deflection arising in the vicinity of the proximal right bundle was observed in this and other experiments. In this case, the HV interval decrease from 30 to 5 milliseconds was atypical (Table 2) . In all cases, the appearance of a slow potential in the vicinity of the proximal right bundle branch distorted the normal isoelectric RbV interval. These potentials were consistently coincident with the onset of delta waves on the surface ECG associated with the shortened PR intervals. The significance of these slow waves will be discussed below. In all cases, the subthreshold nature of the stimulus was attested to by the response to vagally induced complete AV nodal block (Fig 6) . The first beat shows normal PQRS (ECG leads I to III) and HV interval (30 milliseconds) during atrial pacing at 150 per minute. In response to a coupled pulse train (0.34 mA) delivered during the latter half of the PR segment, the HV shortened by 10 milliseconds and the QRS showed a Although the effects of SS were generally similar to SS delivered at the RV apex, there were some specific differences. Fig 7 shows the effects of a constant DC current (0.25 mA) delivered to the catheter electrodes under the septal tricuspid leaflet. As with SS to the RV apex, preexcitation is evident by delta waves (Fig 7B) , HV shortening (30 to 10 milliseconds), and an unchanged AH interval (45 milliseconds). However, the ventricular depolarization showed much less change in the degree of aberration and prolongation of duration with SS applied to the His bundle area than that observed during SS applied to the RV apex.
An examination of the His bundle electrogram provides some basis for these differences. The last deflection of the ventricular potential in the control state ( Fig  7A) Fig 8B, when the subthreshold stimulus intensity was raised to 0.80 mA, the septal crest potential shifted from the end toward the beginning of ventricular depolarization with a shortened HV interval of 20 milliseconds. However, no changes in the QRS complexes were seen during latent preexcitation. Two of the six dogs showed both latent and manifest forms, depending on the level of the subthreshold stimuli applied.
That the stimuli inducing these effects are truly subthreshold was evident in another experiment when atrial pacing was terminated during manifest preexcitation. In Fig 9 , the pulse train (current level, 0.5 mA), when uncoupled from the atrial pacing stimulus, tracked through the cardiac cycle. Only when the subthreshold pulse train fell within the PR segment was there an alteration of either the His bundle electrogram, that is, advance of the septal crest potential (Fig 9A,  first to third beat) , or both the His bundle electrogram and ECG (Fig 9A, fourth and fifth beat) . When the pulse train fell during the diastolic period, the TP interval (Fig 9B) , no electrophysiological changes were seen, thus verifying the subthreshold level of these pulse trains. Under conditions of constant SS that induced only latent preexcitation, the delivery of a strong (28-mA) stimulus to the ventricle converted the latent to a manifest form of preexcitation. In Fig 10, threshold pulse trains (0.4 mA) coupled to each atrial pacing stimulus. Note the early activation of the septal crest potential. The delivery of a strong (28-mA) ventricular extrastimulus caused a PVB followed by manifest preexcitation of the next atrial paced beat. Both the ECG and His bundle electrogram recordings were appropriately altered.
In some cases, an interposed PVB inhibited either the latent or the manifest form of preexcitation, converting the following beat to normal. Fig 11A shows that 0.45-mA pulse trains delivered during the PR segment induced a shift of the septal crest potential toward the middle of the unchanged QRS complex in lead II. In Fig  11A, a PVB delivered to the RV outflow tract (coupling interval, 360 milliseconds) was associated with the loss of latent preexcitation in the subsequent atrial paced beat. Note the normal late septal crest potential and the normal HV interval (30 milliseconds). In Fig liB, a higher-intensity pulse train (0.6 mA) induced manifest preexcitation and no diminution of the initial Q and R waves in leads II and aVR, respectively; also, there was the occurrence of taller and wider ventricular depolarizations, from 60 milliseconds for the normal QRS to 90 milliseconds and LBBB pattern in the first two beats shown in Fig 1iB. A PVB delivered from the posterior RV apex with a coupling interval of 380 milliseconds again is followed by a normal atrial paced beat, that is, inhibition of preexcitation.
Discussion Effects of Subthreshold Stimulation in the Normal Dog Heart
In his monograph, Prinzmetal and his associates described chemical, mechanical, and electrical stimulation of the RV endocardial surface that induced a consistent shortening of the PR interval associated with WPW-like changes in the QRS complex.' Before our awareness of these investigations, reports from our laboratory detailed similar changes, particularly regarding delta wave induction in dog hearts, in which the interface between the His bundle and ventricular septum had been damaged by chemical means, ie, by lidocaine or ischemia.21-24 We coined the expression "ectopic conduction" to describe the premature exit of the impulse from the normal conduction pathways to adjacent myocardium. However, in these cases, there was an associated prolongation of the PR interval mainly caused by a marked intra-His bundle block.
As originally described by Prinzmetal et al, the application of subthreshold DC current to the RV endocardium was the most effective means of producing what appeared to be the ECG manifestations of the WPW syndrome. It should be stated that in these experiments, as in the present studies, no arrhythmias were induced. However, in the present studies, additional electrical recordings were made from the His and right bundle branches. Our findings for the most part confirm and extend the results and some of the conclusions of Prinzmetal et al. Delivery of SS in the form of DC constant current or pulse trains synchronized to an atrial pacing spike consistently shortened the PR interval, as found by Prinzmetal et al. The His bundle recordings alone allowed us to determine that AV nodal conduction, that is, the AH interval, was consistently unaffected, whereas the HV interval was significantly shortened (Table 2) . Thus, these data do not support the original postulation by Prinzmetal et al that accelerated AV nodal conduction is the explanation of the effect but do indicate that the site of preexcitation was localized in proximal portions of the His-Purkinje system. Even when SS was applied at the RV apex, localization of preexcitation was found in recordings from the area of the proximal right bundle branch and its adjacent septal muscle. The Prinzmetal effect was consistently associated with the appearance of a relatively slow depolarization in the vicinity of the proximal right bundle branch even though the site of subthreshold application was 3 to 4 cm distant to that site. Thus, the sequence of His bundle-right bundle activation was maintained in the abnormal beats, and the slow wave, recorded endocardially, was always coincident with the delta wave seen in the surface ECGs. It is important to point out that when subthreshold stimuli were applied to the RV apex, the delta waves were not uniform. The different varieties are shown in Figs 4 and 5. Either there was a typical initial slurred onset of the ventricular depolarization (Fig 4B) or an attenuated slurred R wave followed by an S and R' (Fig 5) . In the first instance, the ventricular depolarization took the form of functional LBBB, that is, early activation of the right septal surface and late activation of the left septal surface. This would result in the diminution of the initial left to right septal vector (Q wave). The RSR' configuration may represent a fusion complex between initial but incomplete septal activation close to the proximal bundle and normal activation of the rest of the ventricles.
That either form of ventricular aberration was not due to direct stimulation of the right ventricle at the apex (where the subthreshold stimuli were delivered) is evidenced by (1) the normal sequence of His and right bundle activation during the Prinzmetal effect. If the ventricular beat had been directly excited at the RV apex, then the activation sequence would have been reversed as seen in the fourth beat (Fig 5) , which is a ventricular ectopic beat probably arising from the apex. (2) Vagally induced complete AV nodal block revealed that the stimulus delivered to the apex was only transiently but not consistently excitatory (Fig 4B) . Whatever its mode of occurrence, either abrupt or progressive, vagally induced complete AV block was always associated with loss of preexcitation.
There was at least one ventricular excitation that occurred immediately after the onset of vagally induced AV block (Fig 4B) . Characteristically, this beat showed a prolonged AH interval and a greater degree of LBBB than the beats before the onset of vagal stimulation. Thus, unlike the Prinzmetal effect, which presumably induced premature exit of the propagating sinus impulse at the proximal right bundle to adjacent myocardium, this excited beat probably arose in the vicinity of the tip of the electrode catheter at the RV apex, that is, at the site of delivery of SS. Such a transient excitatory effect of SS has been described under various circumstances in nerve and heart as the Wedensky effect.25 Briefly stated, it is the concept that some ectopic beats can be due to a local change in excitability, in this case caused by the subthreshold stimulus. The source of the subthreshold stimulus can serve as a site of "cathodal block," with a resulting increase in excitability just distal to that blocked site. Excitability at such a site immediately after a conditioning threshold or subthreshold stimulus is markedly decreased and with time increases to threshold and even above threshold levels.28-31 Importantly, this altered excitability is dependent on a dominant or triggering impulse.25 Also, it has been noted that these beats are transient,25 which is in keeping with the gradual increase in excitability described above.
As might be expected, these findings on the effects of SS in the normal heart raised many questions: What is the mechanism by which the impulse can prematurely exit from supposedly insulated portions of the AV conducting system in response to a supraventricular beat and background SS? In our previous studies, damage to these preparations from normal heart, we have not been able to localize the cellular features associated with the supposed electrotonic crossover from proximal bundle to adjacent muscle. In our previous studies of damageinduced ectopic conduction, we found foot potentials at the site of "slow conduction" between Purkinje cells of the right bundle branch and adjacent myocardium.21 More in vitro studies are required to clarify the cellular correlates of the Prinzmetal effect.
Interaction of Wedensky Phenomenon and the Prinzmetal Effect
The previous discussion has already implicated the role of the Wedensky phenomenon, that is, transient enhanced excitability distal to a site of the block caused by SS. In the experiments in which the subthreshold stimuli were delivered under the tricuspid septal leaflet, premature ventricular stimuli provided further evidence of interaction between the Prinzmetal and Wedensky effects. In our studies, titration of subthreshold stimuli to the ventricular septal crest induced a local Prinzmetal effect, that is, shift of septal activation from the end toward the beginning of ventricular depolarization ( Figs  8 and 9) . However, the amount of tissue activated was apparently too small to alter the body surface recordings (Fig 8) ; thus, preexcitation was latent in the ECG. We postulate that the introduction of a PVB even at a distance from the interventricular septal crest serves as another conditioning component whose electrotonic contribution further enhances excitability in the critical area, thereby potentiating excitation of the region. A greater area now activated, a more intense excitation, or both lead to manifest preexcitation in the surface ECG leads.
A similar observation has been made in patients showing antegrade block of accessory pathway conduction at particular heart rates. A PVB could restore antegrade accessory pathway conduction, albeit in a series of paced beats subsequent to the ectopic beat. 35 Possible mechanisms for this response were "peeling" back of a refractory barrier, supernormal conduction, or Wedensky facilitation. 35 The apparent induction of inhibition of latent preexcitation by premature beats delivered at the RV apex or outflow tract is more difficult to explain. 
